A single bout of exercise lowers blood pressure (BP) for up to 24 h afterwards. The magnitude of this post-exercise hypotension (PEH) has been reported to be correlated most strongly to pre-exercise BP, and this apparent relationship has influenced position statements about the value of exercise in arterial hypertension. Nevertheless, this correlation could be adversely affected by mathematical coupling and regression-to-the-mean artefacts. Therefore, we aimed to examine the degree to which BP status moderates PEH while, for the first time, controlling for these statistical artefacts. A total of 32 participants, with preexercise mean arterial pressures of 65-110 mm Hg, cycled for 30 min at 70% peak oxygen uptake. Systolic BP and diastolic BP were measured (Portapres) before exercise and for 20 min after exercise. Changes in BP were regressed against pre-exercise values, and against the mean of pre-and post-exercise BP, among other indices that are also known not to be prone to artefacts. Correlations between pre-exercise BP and the exercisemediated reductions were typical of those previously reported (r ¼ 0.37-0.62, Po0.05), but not large enough to rule out spuriousness (P40.05). Artefact-free indices of BP status (pre-and post-exercise mean as well as an earlier independent measurement) did not correlate with reductions in BP (P40.05), which were moderated more by peak oxygen uptake and time of day (Po0.05). These data indicate that, if statistical artefacts are not controlled for, the influence of BP status on the degree of PEH can be spuriously exaggerated to the extent that other more important moderators of BP change are masked.
Introduction
About 90% of healthy 55-year olds, of either sex, are predicted to develop hypertension over their remaining lifetime. 1 It can lead to early onset left ventricular hypertrophy, microalbuminuria and cognitive dysfunction, as well as to an increased risk of cardiac, renal and cerebral events in later life. 2 Although pharmacological intervention is the primary treatment for hypertension, moderate exercise is considered to be an important adjunct therapy. 3 Although blood pressure (BP) can increase markedly during exercise, 4 it is now well documented that moderate exercise mediates rapid post-exercise reductions in arterial BP that can persist for 24 h or more during subsequent everyday activities and sleep. 5, 6 The typical magnitude of this 'post-exercise hypotension' (PEH) 7 of 5-10 mm Hg is clinically significant and reasonably repeatable. 8 Exercise has also been found to mediate longer-term reductions in BP. 2 Interestingly, it has been proposed that these long-term benefits of exercise are explained by repeated occurrences of acute PEH, and that the incremental capacity for greater exercise intensity and duration as a training programme progresses merely leads to more pronounced and prolonged acute PEH occurring over time. 9 One important question is whether the magnitude of PEH depends on the general BP status of the individual. Greater PEH in individuals with particularly high BP status would offer even more support for the value of exercise in arterial hypertension. If general BP status is not an important predictor of PEH, it would offer the opportunity to identify other moderators of the reduction in BP after exercise. There may be subgroups within the hypertensive population who will benefit from the effects of exercise to a greater extent than others. The identification of these moderators, as well as the characteristics of the optimum exercise protocols, would allow more specific selection and prioritisation of patients likely to experience the greatest reductions in BP following an exercise-based treatment.
One index of general BP status is the pre-exercise value. Previous researchers 10, 11 have indicated that pre-exercise BP is a more important moderator of PEH than age, body mass index, waist circumference and maximal oxygen uptake. These findings have also been cited in the American College of Sports Medicine position stand on exercise and hypertension 12 to evidence the claim that the effectiveness of exercise in reducing BP would appear to be greatest in people with generally high BP status. In these past studies, correlation and multiple regression analyses were used to explore the relative predictive benefit of pre-exercise BP status, among other potential moderators, on the magnitude of PEH. Our specific interest is whether this statistical approach might be influenced by artefacts caused by mathematical coupling and regression to the mean. 13, 14 The pitfalls of mathematical coupling were known over a century ago 15 and can occur when one variable (for example, pre-exercise BP) is inherent in the calculation of the other variable (for example, pre-minus post-exercise BP), leading to a spuriously high correlation. These spurious correlations, obtained when there is in fact no physiological link at all between variables, may be as high as 0.7. Besides being misleading per se, spurious correlations might also lead to imprecision when multiple regression is used to explore other potential moderators of PEH. Unfortunately, this artefact has not been well recognized over the years, leading to persistent errors in data interpretation. 16 Moreover, the associated so-called 'law of initial values' 17 was accepted for many years without recognition that it is seriously compromised by this artefact. 18, 19 When exploring the relationship between initial value and change, Oldham's method 20 has been deemed, in recent discussions, 14 to be appropriate for controlling the mathematical coupling artefact. This method is easy to implement, because it involves the calculation of the mean of the initial and final BP measurements followed by an examination of the correlation between this average and the observed changes. Nevertheless, there are other approaches. One method is based on the hypothesis that the correlation between initial value and change is larger than a 'null' value predicted to represent the degree of spuriousness, rather than the usual value of zero. 21 Another method is based on correlating the change scores, not with the preexercise value, but with an independent measurement made earlier in time, possibly with a different measurement tool. 22 None of these more appropriate approaches has been applied to the present research question. Moreover, they have seldom been applied to BP changes, whatever the intervention, in general.
Our aim was to provide the first broader, more complete statistical exploration of whether initial BP status really is the most important moderator of the acute response of BP to exercise, while controlling for mathematical coupling and regression to the mean. We hypothesise that the strength of the relation between BP status and exercise-mediated change has been generally exaggerated, leading to inaccurate estimations of the magnitude of treatment effects of exercise for hypertensive patients as well as imprecise identification of other important moderators of PEH.
Participants and methods

Participants
In a previous related study, 11 min À1 and pre-exercise resting systolic and diastolic BP (SBP and DBP) of 126.8 ± 18.2 and 67.5 ± 11.0 mm Hg respectively (mean ± s.d.). All were non-smokers, had no history of cardiovascular disease, were not taking any medication and engaged in regular physical activity (42 h per week). The study was approved by the institutional ethics committee and conformed to the Declaration of Helsinki Principles. All participants provided written informed consent.
Research design
Participants attended the laboratory on three separate occasions with the first visit for familiarisation purposes, the second visit for measurement of peak oxygen uptake and the final visit for completion of the main experiment. Light levels in the laboratory were controlled at B200 lux, and temperature was controlled at 20 1C. Participants were instructed to refrain from exercise and the consumption of alcohol for 24 h, as well as food (including any caffeine intake) for 4 h before each session.
Familiarisation
During the first visit, anthropometric measurements of height, body mass and resting BP (using a mercury sphygmomanometer) were obtained. Participants were also familiarised with the mode of exercise, which was performed on a semi-supine cycle ergometer (Kettler Sport, Redditch, Worcestershire, UK).
Measurement of peak oxygen uptake
The purpose of the second visit was to determine peak oxygen uptake using a progressive continuous protocol. 23 Following a 10 min warm-up, participants began cycling at 50 W. This work-rate was increased every 2 min in 25 W increments until a pedal cadence of 60 revolutions per min could no longer be maintained (volitional exhaustion). An on-line gas collection system (MetaMax 1; Cortex Biophysic GmbH, Leipzig, Germany) collected the expired gases, sampling every 10 s. Oxygen uptake was plotted against work-rate, which allowed the exercise workrate that corresponded to 70%
. VO 2peak to be calculated through a linear regression equation.
Experimental procedure
The third visit was for the completion of the main experiment. Following an initial rest period of 45 min participants were fitted with a BP monitor. After a 5-min rest period seated on the cycle ergometer participants began the exercise protocol. Exercise was performed between 0930 and 1000 hours (n ¼ 14) or between 1630 and 1700 hours (n ¼ 18). The protocol consisted of 30 min cycling in a semi-supine position at 70%
. VO 2peak . This was followed by a 20 min period of seated rest.
Measurement procedures
Participants rested for 45 min in the supine position before being fitted with a device (Portapres Model 2; TNO Biomedical Instrumentation, Amsterdam, the Netherlands) that recorded mean arterial pressure (MAP) continuously from the middle and/or index finger of the left hand. Portapres also provided indirect measures of SBP and DBP. For the duration of the experiment the participants' arms were supported by a wooden, U-shaped, adjustable rest for the arm to be level with the heart. This limited arm movement and provided the correct arm positioning for the measurement of BP by Portapres. Continuous best-to-beat measurements of BP were recorded for 5 min before and 20 min after exercise while participants remained in an upright seated position on the cycle ergometer. Portapres has been shown to provide a satisfactory representation of central arterial BP when compared directly to intra-arterial BP measurements, 24 so that BP can be determined reliably and accurately. 25 There is strong evidence to suggest that, despite small discrepancies in absolute values, this non-invasive method can accurately measure beat-to-beat changes in pressure under various physiological and pathological conditions. 26 BeatScope pulse contour analysis software (TNO Biomedical Instrumentation) was used to analyse the BP data on a beat-to-beat basis and produce mean values for each minute.
Statistical analyses
Means were calculated for the 5 min baseline period measured using Portapres during the experiment (third visit) to determine single baseline values for MAP, SBP and DBP. For exploration of the general nature and magnitude of PEH, the baseline value and BP data, measured every minute by Portapres during the 20 min post-exercise period, were entered into a repeated-measures general linear model. 95% confidence limits were corrected for betweensubject variation. 27, 28 Linear least-squares regression analysis was used to examine the strength of relationships between preexercise BP and the difference in BP between preexercise and the 20 min post-exercise average (BP values measured using Portapres). This method of regressing the exercise-mediated change in BP against pre-exercise BP status has been used in previous studies. Three alternative methods for examining the relation between BP status and change, while controlling for statistical artefacts, were also used in this study.
14 First, the regression analysis was repeated with the mean of pre-and post-exercise BP (both measured by Portapres) as the predictor. 20 Second, the correlations between pre-exercise BP and change were 'corrected' for spuriousness by comparing them to a null value that was not zero but a value calculated to indicate the level of spuriousness present. 21 Third, changes were correlated to the very first and independent measurement of BP conducted with a manual sphygmomanometer. 14 Multiple regression analysis was used to explore whether age, body mass index, . VO 2peak and time of day were significant predictors of PEH. This analysis was performed twice; with baseline BP included as a potential predictor and with the mean of baseline and post-exercise BP as a potential predictor. The entry method for all regression models was backwards and the degree of multicollinearity between predictors was explored using the variance inflation factor and tolerance collinearity diagnostics. 29 Statistical analyses were performed with the Statistical Package for Social Sciences (SPSS, version 15). Data in the text are presented as mean ± s.d. and 95% CI, and exact P-values are cited (P-values of 0.000 from SPSS output are reported as o0.0005).
Results
General post-exercise blood pressure responses Statistically significant reductions in BP occurred following the single bout of exercise (Po0.0005), with the mean ± s.d. reductions in MAP, SBP and DBP over the 20 min post-exercise period being 5 ± 9, 14 ± 13 and 3±9 mm Hg respectively (Figure 1 ). Twenty min after exercise had ceased, BP remained significantly different from pre-exercise for both MAP (P ¼ 0.02) and SBP (Po0.0005). DBP remained significantly different from pre-exercise for 5 min after exercise (P ¼ 0.03).
Pre-exercise BP as a predictor of BP response
The results of the multiple regression analyses, which included pre-exercise BP entered as one of the predictors, are shown in Table 1 . In this regression model, pre-exercise BP, . VO 2peak and time of day were found to be significant predictors of PEH, accounting for 39-50% of the variance. Preexercise BP was found to be the most significant positive predictor of the magnitude of changes in MAP (P ¼ 0.002), SBP (Po0.0005) and DBP (P ¼ 0.001). Peak oxygen uptake was a negative predictor of changes in MAP and DBP. Therefore, these analyses suggest that the highest pre-exercise BP values (Figure 2 ) and lowest . VO 2peak lead to the greatest post-exercise BP reductions. Time of day was also found to be a significant predictor of DBP with a greater PEH being observed when measurements were conducted in the afternoon (P ¼ 0.017). 
Null hypothesis corrected correlations
The magnitude of the above relations between preexercise BP and change in BP was considered in relation to a null hypothesis 'corrected' for predicted spuriousness. 21 Owing to mathematical coupling, the null hypothesis for the correlation between baseline and changes from baseline is no longer zero. 30 The correlation that is present between pre-and postvalues restricts the range so it tends not to be between À1 and 1. 31 An equation proposed previously 21 was used to derive a corrected null hypothesis. With our data, the correlation between pre-and post-exercise BP was found to be approximately 0.7. It was calculated that, for a 'true' relation between initial BP and exercise-mediated change in BP to be present, the lower 95% confidence limit of an observed sample correlation coefficient should be higher than À0.37, À0.41 and À0.40 for SBP, DBP and MAP respectively. The respective lower 95% confidence limits of the sample correlations were À0.81, À0.64 and À0.66, which were all lower than the abovementioned corrected null hypothesis values, indicating spuriousness in these correlations.
Independent measurement of BP status
No significant correlations were observed between exercise-mediated changes and the independent measurements of BP status determined with a manual sphygmomanometer. The correlation coefficients for the relationship between this prior measurement of BP status and change in BP were À0.07, À0.19 and À0.20 for SBP, DBP and MAP respectively (P40.05). The correlation coefficient between the independent measurements of BP and initial pre-exercise values of BP was 0.58 (P ¼ 0.001).
Mean BP as a predictor of BP response
Using the mean of pre-and post-exercise BP, rather than pre-exercise BP, in the regression analysis led to no significant relations between BP status (mean BP) and change as well as the identification of different predictors of PEH than with the previous analysis ( Table 2 ). When the statistical artefact was controlled for, BP status was no longer a statistically significant predictor of change in MAP (P ¼ 0.589), SBP (P ¼ 0.599) or DBP (P ¼ 0.234). In the first set of analyses the regression slope between pre-exercise and change in MAP was À0.5 (À0.7 to À0.2) mm Hg, suggesting that for each 1 mm Hg increase in preexercise MAP a reduction of 0.5 mm Hg is obtained after exercise. However, when mean BP was considered, the regression slopes were no longer significant, the 95% confidence limits for regression slope were overlapping zero for MAP (À0.4-0.2), SBP (À0.5-0.3) and DBP (À0.5-0.1) (Figure 3 ). Peak oxygen uptake was the only significant predictor of the change in MAP (P ¼ 0.042) and DBP (P ¼ 0.005). For every 1 ml kg À1 min À1 reduction in . VO 2peak , a reduction of 0.4 mm Hg occurred in MAP and 0.5 mm Hg in DBP after exercise. Time of day was the only significant predictor of change in SBP (P ¼ 0.027). The BP reduction was 9.9 (95% CI: À18.6 to À1.2) mm Hg greater after exercise in the afternoon compared to the morning. In this multiple regression analysis, the degree of collinearity between the predictors was found to be negligible. For all predictors, the variance inflation factor values were o10 and tolerance statistics 40.2, therefore fulfilling the criteria laid down by Field. 29 
Discussion
We have explored the association between general BP status and the acute exercise-mediated change in BP; a relationship which has important implications for the predicted efficacy of moderate exercise in the acute management of arterial hypertension. Using appropriate methods for predicting and controlling for the influence of the mathematical coupling and regressionto-the-mean artefacts, we report that the strength of this association can be overestimated using statistical approaches on pre-exercise BP typically used in past studies. Moreover, our data indicate that explorations into the influence of other potential moderators of PEH may have been compromised because, in this case, the spuriousness of the initial value-change correlation is so marked, it can mask the results of multiple regression analyses when pre-exercise BP is included as a potential predictor of BP change.
In parallel with the evidence obtained from our own data, we can appraise both the degree of spuriousness present and the accuracy of inferences made, in previous research using one of the statistical approaches laid down in the literature. 21 The magnitude of a spurious correlation between initial BP and the change in BP is influenced by the correlation between initial and final values of BP. Abbreviations: DBP, diastolic blood pressure, MAP, mean arterial pressure; SBP, systolic blood pressure; TOD, time of day for exercise; . VO 2peak , peak oxygen uptake. a A negative slope means that the larger the predictor variable, the greater the reduction in blood pressure.
The greater this correlation, the less spurious would be the correlation between initial BP and change in BP. It would be surprising if the correlation between initial and post-exercise BP is either very low or very high. Measurements over time are typically moderately correlated because of random measurement error. With our data, the correlation between pre-and post-exercise BP was found to be approximately 0.7, giving a predicted spurious correlation between pre-exercise BP and BP change, whether systolic, diastolic or MAP, of approximately À0.4. The confidence limits of our sample correlations between initial BP and change in BP all overlapped this null value offering more evidence that the relationship between initial and change in BP is associated with some spuriousness.
It should be noted that our pre-and post-exercise measurements of BP were relatively close to each other in time. It can be speculated that post-exercise measurements of BP, which are further apart in time from the pre-exercise measurements (for example, a number of hours), may result in smaller correlations between pre-and post-exercise values, and therefore greater potential spuriousness between initial BP and change in BP. 31 It is interesting to note that statistically significant correlations between initial BP and completely random changes in BP have been reported by previous researchers even for control conditions and groups in which no exercise was administered. 11 In this past study, post-exercise measurements of BP were obtained with an ambulatory monitor 5-9 h after the pre-exercise measurement of BP. On the basis of these observations of past studies, we maintain that there is evidence in past studies that the correlation between pre-exercise BP and the change in BP does not reflect fully the true relationship between the magnitude of exercisemediated change in BP and general BP status.
We have shown that, when the mean (of pre-and post-exercise BP) rather than pre-exercise BP is considered as a predictor of the exercise-mediated change in BP, different results are obtained. Mean BP was not a statistically significant predictor of exercise-mediated change in MAP, SBP or DBP. The use of mean BP as the index of general BP status rather than pre-exercise BP has been criticised on the grounds of the 'law of initial value' being perceived as an accepted principle and also because the use of the mean BP may be influenced by differences in variance between pre-and postexercise measurements of BP. 32 First, it should be noted that the law of initial value was first conceptualised in the 1930s. 17 It is now clearly communicated in the literature that the correlation between initial value and change should not be used to explore this law. 14, 16 Second, confusion regarding the usefulness of correlating change with the mean of pre-and post-intervention values 20 has now been clarified and it is maintained that, in the majority of cases, Oldham's method is appropriate for controlling for statistical artefacts. In support of this notion, we found that the standard deviations for pre-and post-exercise MAPs were exactly the same (11.4 mm Hg). In these circumstances, the approach of Oldham 20 is preferred. 14 In addition, exercisemediated changes in BP did not correlate with independent measurements of BP obtained with a manual sphygmomanometer in the earlier screening phase of our study. In a previous study, it was also found that correlations between change and preexercise BP and change and 'clinic' BP measured independently were very different, 11 presumably because the correlation between clinic BP and preexercise BP (used to calculate change in BP) is not perfect (r ¼ 0.58 in our study). The spuriousness of the pre-exercise and change correlation may also be reduced if the mean of multiple measurements of pre-exercise BP is adopted, although such a longitudinal data collection approach might be difficult to implement.
When mean BP rather than initial BP was included in a multiple regression model, other predictors of PEH were indicated. We found that . VO 2peak was a significant predictor of the changes in MAP and DBP; individuals with a lower . VO 2peak tended to experience greater reductions in BP after exercise. This finding is similar to that reported in a previous study on 20 professional footballers. 33 In an individual analysis, not involving multiple regression, those players with the lowest maximal oxygen uptakes ( . VO 2max ) showed the greatest reductions in DBP 60 min after a short maximal field exercise than those with higher values of . VO 2max . Like us, these researchers found no significant correlation between . VO 2max and change in SBP. Nevertheless, in another study 34 PEH was found not to be influenced by training status. Such inconsistencies in the literature indicate a need for further investigation probably with a larger sample size for adequate statistical power in a regression model to examine the importance of maximal oxygen uptake in predicting acute changes in BP after exercise relative to a range of other possible individual predictors of BP change 35 (for example, gender, ethnicity and genetic differences).
In this study, time of day was also found to influence the magnitude of change in SBP after exercise (P ¼ 0.027). These findings are consistent with recent data from crossover-type experiments that indicated the presence of diurnal variation in the acute BP response after continuous exercise. [36] [37] [38] A consistent finding is that the reduction in MAP from baseline is greater when exercise begins in the afternoon compared with the early morning. The higher post-exercise MAP in the morning is consistent with the well-documented morning surge in BP implicated in the morning peak incidence of cardiac events. 39, 40 It would appear that diurnal variation in post-exercise total peripheral resistance is important in explaining the higher BP after morning exercise. 36 Time of day effects on PEH may also help to explain some of the discrepancies in findings between previous studies.
Another analysis, which is similar in principle to the initial value-change correlation analysis, is to compare the exercise-modulated change in BP between samples of normotensive and hypertensive participants. 41 However, the statistical artefact of regression to the mean is still present in such an analysis. 42 Randomised controlled trials can help minimise regression-to-the-mean effects on sample mean changes. 43 To answer reliably the question whether hypertensive people show a greater reduction in BP after exercise than normotensive people, one would ideally need to randomize both hypertensive and normotensive participants into two subgroups (exercise and no exercise) resulting in four study groups in total. Analysis of covariance (with initial values as covariates) should also be adopted to ensure minimal regression-to-the-mean effects. 44 Alternatively, there are equations that can be used to control for regression to the mean effects on sample mean changes.
Finally, it is interesting that findings from published meta-analyses have also been cited to support the claim that the exercise-mediated change in BP depends on general BP status. Data are available from a previous meta-analysis on both the acute and chronic effects of exercise on BP. 10 Baseline BP was also included as a predictor in this study and found to be a strong correlate of PEH magnitude. Nevertheless, mathematical coupling and regression to the mean would also be predicted to exert spurious influences in such analyses. To investigate the acute effects of exercise fully, it is important to examine 24 h ambulatory BP responses. It is recommended that the approach adopted in this study is applied to meta-analytical data, to examine in more detail what is the true relationship between BP status and both the acute and chronic exercisemediated changes in ambulatory BP.
The relationship between pre-exercise BP status and the acute exercise-mediated change in BP has been investigated in several past studies and used to support claims made in position stands about the most important moderators of the exercise-mediated change in BP. Nevertheless, we have shown that this relationship can be compromised by the mathematical coupling and regression-to-the-mean statistical artefacts. The presence of pre-exercise BP status in a regression analysis among other potential moderators of PEH may also lead to imprecision. To explore the impact of these statistical artefacts, our focus was on the acute responses of BP to exercise. However, it is important to note that mathematical coupling and regression to the mean might generally influence any study conclusion about the initial BP status and the change in BP in response to any proposed anti-hypertensive intervention.
